The evidence for the involvement of protein kinase C (PKC) in insulin secretion stimulated by glucose and Ca:" -mobilizing receptor agonists has been reviewed. Results of phorbol ester binding to intact cells and the measurements of the proportion of PKC associated with the membrane after cell fractionation are presented. Glucose stimulation leads to increased phorbol ester binding without causing membrane insertion of the enzyme which. however. occurs with receptor agonists. It is suggested that the rise in cytosolic Ca *+ in response to glucose favours the apposition of PKC to the membrane whereas intercalation of the enzyme requires p~l~~spholipase C-mediated generation of diacylgiycerol. It is possih'ie that this efiect of glucose on PKC, although not mvolvcd in the initiation of secretion. could explain the potentiation of insulin release observed in the presence of the receptor agonists.
INTRODUCTION
The secretion of insulin is regulated by fuel stimuli, hormones and neurotransmitters to obtain precise control of blood glucose homeostasis.
The mode of action of the different secretagogues spans from the depolarization of the membrane (e.g. glucose), to Ca2+ mobilization (e.g. acetylcholine) and cyclic AMP generation (e.g. glucagon) [1, 2] . Therefore, the B-cell offers a good experimental model in which the various signalling pathways of importance for cell activation in general can be reviewed. In the present short overview the actions of fuel stimuli and those of Ca2+-mobilizing receptor agonists will be discussed, because of particular persistent controversy regarding the role of protein kinase C (PKC). The cyctic AMP pathway, less controversial in nature, will not be treated here and we refer the reader to a recent review [2] .
Ca2+-MOBILIZING RECEPTOR AGONISTS
The neurotransmitter acetylcholine and its analogue carbachol bind to muscarinic receptors which, in insulin secreting cells, leads to the activation of phospholipase C (PLC) via GTP-binding protein not sensitive to per-tussis toxin [I] . In this manner, as in other cells, the hydrolysis of phosphatidylinositol-4,5bisphospate (PIP)2 generates the second messengers diacylglycerol (DAG) and inositol-1,4,5-tripsphosphate (IP)i [3] . The former activates PKC [4] while the latter promotes Ca2+ mobilization from intracellular stores [1, 3, 5] . In insulin secreting cells the same pathway was also demonstrated for cholecystokinin [6] , ATP acting as purinergic transmitter [7, 8] , bombesin [9] and, in the cell line RINmSF, vasopressin [lo] . These substances also increase Ca2+ Influx into the cell, perhaps via the IPj receptor as recently proposed [ 111. Furthermore, some of the agonists depolarize insulin secreting cells by closing K + channels which is believed to lead to gated Ca2+ influx [12] .
GLUCOSE AND OTHER FUEL STIMULI
Glucose, in contrast to receptor agonists, enters the Pcell by facilitated diffusion via low affinity high capacity glucose transporters 113,141 and is then metabolized by glycolysis and oxydised in the mitochondria [13] . This leads to the production of ATP, reduced pyridine nucleotides and other putative coupling factors thought to link metabolism to ion fluxes across the plasma membrane [ 
DE NOVO SYNTHESIS OF DAG AND ACTIVA-TION OF PKC
The incubation of insulin secreting cells with stimulatory concentrations of glucose generates glycolytic intermediates which can be acylated to form phosphatidic acid and, in turn, DAG (17, (23) (24) (25) . Since the de novo synthetized DAG could stimulate PKC, the possible involvement of this enzyme was examined in the presence of glucose concentrations that enhance insulin secretion. Different methods have been applied. In a first attempt the effects on insulin secretion of various inhibitors of the enzyme were tested. Most of them did not interfere with glucose stimulation [26] , while some of them were found to inhibit the glucose response [27, 28] .
Therefore, probably because of lack of specificity of PKC inhibitors, this approach gave no unequivocal answer to the question. PKC is a specific receptor for phorbol esters that bind to and activate the enzyme [4] . Since prolonged pretreatment of the cells with these agents has been shown to down-regulate PKC [29] , this property was used in several studies to establish the role of the enzyme in the mechanism of glucose response. In such pretreated islets glucose still caused insulin secretion [26, and in one case the effect of the carbohydrate was even potentiated 1321. These experiments are, however, not clear cut: first, a relevant amount of PKC activity that could account for the glucose stimulated insulin secretion was still detectable after prolonged phorbol ester treatment [31, 33, 34] ; second, it is noteworthy that phorbol ester-pretreated islets not only preserve glucose stimulated insulin release but also that induced by carbachol, an agonist believed to act mainly via PKC activation 131,321. The latter observation suggests that the down-regulation manoeuvre is not easy to interpret in intact pancreatic isiets. A role for PKC has been suggested from protein phosphorylation experiments in intact islet cells and after cell fractionation, since some of the protein substrates were tentatively identified to be common to glucose and phorbol esters [35] or glucose and carbachol [33] . However, the effect of glucose was much less pronounced than that of carbachol and could not be unambigously attributed to PKC, since the activation of another Ca2+-dependent protein kinase following Ca" influx was not ruled out 133,351.
An alternative approach was to measure the fraction of PKC activity associated in a chelator stable manner with membranes.
An increase in the amount of enzyme bound to the membrane has been reported in many different cell types [36, 37] , including insulin secreting cells 131,383, in response to Ca" mobilizing receptor agonists. As shown in Table I, incubation of RINmSF cells for 2 min in the presence of carbachol leads to an increase in the PKC activity recovered in the membrane (Table  I) . OAG at SO &g/ml stimulates insulin release from 19 + 3 (mean i. SE, n = IO) to 39 + 4 ng/lO" c&s (n = 12) and increases the amount of PKC recovered in the membrane fraction. However, OAG at 5 Fg/mi while enhancing secretion to the same extent as 50 @g/ml (36 -e 3 ng/lO'" cells, n = 12) causes no significant changes in PKC distribution (Table l PLC with a rlorl-hydro~ysabie GTP analog [22] . Whiie a similar amount of DAG was generated at basal (10 -' h4) and at higher Ca"' concentrations (2 10 -6 M), the transiocation of PKC only occurred in the presence of lo-' M Ca*' or higher [22] .
A corollary of these findings is shown in Table B where cytosolic Ca2+ was raised by depoiarizing the cells with KCI [45] . KC1 alone does not promote association of PKC with ceHuIar membranes but permits such an 373 association to occur after stjmulatio~l with OAG. This is seen both under conditions where OAG is inefficient (5 @g/ml) and with the higher concentration (SO +g/ml) where OAG irself causes translocation.
Tkse results clearly demonstrate that an increase in cy&osolic Ca" favours the DAG induced activation of PKC. In view of these findings it is conceivable that glucose, which raises cytosolic Car-([Ca)""]};) both in the normal Bcell [46] and in HIT ceIis [40, 47] , primes PKC to a location in the proximity of the membrane.
This hypothesis was tested by performing phorbol ester binding experiments on intact HIT cells. This approach has been shown to be useful for the monitoring of CaLc effects on PKC in astrocyton~a cells [48] . The results of experiments in which [~Ii]p~lorbol dibiltyratc (PDBU) binding was measured after short exposure of insulin secreting HIT cells to the secretagogues glucose, bombesin and KC1 are illustrated in Fig. I . Glucose, like KC?, raises [Ca""fi by depolarizing the ceils and promoting Ca '+ influx without generating sizeble amounts of DAG in the plasma membrane [25, 40] . The [Ca"+]i elevation in the absence of increased DAG production provides an increased number of PDBU binding sites on ll~embrane-associated PKC. Bombesin stimulation also causes a [Ca")i rise 191, but simLlltaneously generates DAG in the plasma membrane 19,401 which competes with PDBU for binding to PKC. This would explain why bomb&n, in contrast to KC1 and gIucose, does not augment the PDBU binding (Fig. 1) time when the muscarinic agonist increased the production of DAC [48] . [20] (not included in Fig. 2) . Therefore, glucose is not expected to cause significant intercalation of PKC into the membrane agreeing with the experimental observations [28, 39, 40] . However, glucose and depolarizing concentrations of KC1 appear to favour Ca2+-mediated membrane association of the enzyme (Fig. 2, lower panel) 
